The nature of the pseudogap phase of cuprates remains a major puzzle. 
3 kapellasite 10 .
In cuprates, studies of κ xy have so far been limited to the superconducting state 19, 20, 21 , except for the case of YBa 2 Cu 3 O y (YBCO) at p = 0.11, where κ xy was measured in the field-induced normal state 22 , which has charge-density-wave order 13 .
See Methods for a discussion of this particular case.
Here, we investigate the thermal Hall response of the pseudogap phase via We now turn to dopings immediately below the pseudogap critical point.
In Fig. 2b , we plot κ xy / T vs T for Nd-LSCO at p = 0.20. We see a qualitatively different behavior, with κ xy becoming negative at low T. As seen in Fig. 3a , this qualitative change occurs immediately below p*. In Eu-LSCO, the very same change occurs across p* (Fig. 3b) , from positive κ xy above p* (p = 0.24) to negative κ xy (at low T) below p* (p = 0.21), with essentially identical data to Nd-LSCO at p = 0.24 and p = 0.21.
The negative κ xy is therefore a property of the pseudogap phase.
We also measured κ xy in Bi2201, a cuprate with a different crystal structure to that of Nd-LSCO and Eu-LSCO, on an overdoped sample of La content x = 0.2, with p slightly below p* (ref. 23 ). In Fig. 2d , we see that κ xy (T) in Bi2201 displays a remarkably similar behavior to that of Nd-LSCO and Eu-LSCO at p < p*. A negative thermal Hall conductivity κ xy at low temperature is therefore a generic property of the pseudogap phase, independent of material. Note that the electrical Hall conductivity σ xy measured on the same samples remains positive down to T → 0 (Figs. 2b, 2d).
We now move to much lower doping. In Fig. 1b , we see that κ xy / T is still negative at low temperature in Eu-LSCO at p = 0.08 and in LSCO at p = 0.06, where in both cases σ xy is positive and completely negligible (Figs. 2e, 2f), because the samples are almost electrically insulating at low temperature. This shows that the negative κ xy signal of the pseudogap phase is not due to charge carriers.
Magnons can also be excluded as the source of the negative κ xy . In the phase diagram of Fig. 1a , we delineate in gray the regions where static magnetism is detected by µSR, whether as incommensurate correlations below T m or as commensurate Néel order below T N . We see that in all three materials -Nd-LSCO at p = 0.20, Eu-LSCO at p = 0.08 and LSCO at p = 0.06 -the negative κ xy signal is present well above T m ( Fig. 1) , where there is no static magnetism. Moreover, the κ xy (T) curve for La 2 CuO 4 (Fig. 1b) , i.e. undoped LSCO with p = 0, where there is long-range antiferromagnetic order below ~ 300 K (Fig. 1a) , is very similar to the curve for LSCO at p = 0.06 (Fig. 1b) , where there is no magnetic order above T ~ 5 K (Fig. 1a) . (See Methods for further discussion of magnons.) We conclude that magnetic order is not responsible for the negative κ xy signal seen in cuprates at all dopings below p*, and magnons are ruled out as the relevant excitations.
Phonons can generate a non-zero κ xy signal if they are subject to skew scattering by spins 24 . Spin scattering will also show up in the longitudinal thermal conductivity κ xx , which is dominated by phonons, in two ways: 1) it reduces the magnitude of κ xx relative to a non-magnetic analog material; 2) it produces a field dependence in κ xx , Table 1 ). One would therefore expect a much smaller κ xy signal from phonons in LSCO, but in fact κ xy in LSCO is much larger.
In absolute terms, | κ xy / T | = 2 mW / K 2 m in LSCO (Fig. 1b) (Fig. 4a) .
The large negative κ xy reported here for cuprates is not due to electrons, magnons or phonons. It must come from as yet unidentified neutral excitations.
Identifying these excitations will shed new light on the nature of the pseudogap phase.
It is instructive to compare cuprates with insulators that are believed to host spin-liquid states. The largest κ xy signal so far in such materials was detected in RuCl 3 (Fig. 4b ).
In this 2D material, spins on a honeycomb lattice are frustrated and only order (antiferromagnetically) below T N = 7 K. Above T N , the paramagnetic state is thought to be a spin liquid state described by the Kitaev model 17 . In Fig. 4c , we reproduce the data of Hentrich et al. 26 for κ xy / T vs T in RuCl 3 . Above 100 K, κ xy / T is vanishingly small.
Below 100 K, κ xy / T grows gradually with decreasing T down to 20 K or so (and then drops rapidly as T N is approached). In the regime between 20 K and 100 K, κ xy / T is well described by calculations for the Kitaev model 17 , implying that the κ xy signal in RuCl 3 comes from itinerant Majorana fermions -exotic neutral excitations of topological character. This interpretation is supported by the observation 27 of a predicted 17 quantization of the thermal Hall conductivity (at low T when AF order is suppressed by applying a field in the 2D planes). Other spin-liquid candidates, like volborthite 9 and Ca kapellasite 10 , exhibit qualitatively similar κ xy (T) (Fig. 4d) ,
suggesting that the gradual growth below ~ 100 K is a general behavior.
In Figs. 4c and 4d, we compare our data on LSCO p = 0.06 to the data on RuCl 3
and Ca kapellasite, respectively. There is a tantalizing similarity in the gradual growth below 100 K or so, but there are some differences. First, whereas κ xy is positive in these two spin-liquid candidates, it is negative in cuprates. (This may reflect the particular topological character of the different states.) Secondly, the signal in LSCO is ~ 10 to 25 times larger (Fig. 4) . Finally, in LSCO, κ xy / T continues to grow down to the lowest measured temperature -but it may well drop below ~ 5-10 K.
In summary, the thermal Hall effect in cuprates reveals a hitherto unknown facet of the enigmatic pseudogap phase, reminiscent of a spin liquid. It points to a state with chirality 7 . It will be interesting to see whether models of spin-charge separation 28 , topological order 16 or current loops 29 , for example, may be consistent with the giant κ xy signal that appears below p*. Table 1 . We see that 
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TRANSPORT MEASUREMENTS
Our comparative study of heat and charge transport was performed by measuring the thermal Hall conductivity κ xy and the electrical Hall conductivity σ xy on the same sample, using the same contacts made of silver epoxy H20E annealed at high temperature in oxygen.
Thermal measurements. A constant heat current Q was sent in the basal plane of the single crystal (along x), generating a longitudinal temperature difference ΔT x = T + -T - (Fig. 2c) . The thermal conductivity along the x axis is given by
where L is the separation (along x) between the two points at which T + and T -are measured, w is the width of the sample (along y) and t its thickness (along z).
By applying a magnetic field H along the c axis of the crystal (along z), normal to the CuO 2 planes, one generates a transverse gradient ΔT y (Fig. 2c) . The thermal Hall conductivity is defined as κ xy = -κ yy (ΔT y / ΔT x ) (L / w), where κ yy is the longitudinal thermal conductivity along the y axis. In this study, we take κ yy = κ xx . The thermal Hall conductivity κ xy of our samples was measured in magnetic fields up to H = 18 T. The measurement procedure is described in detail in ref. 22 . .) The measurements were performed using a conventional 6-point configuration with a current excitation of 2 mA, using the same contacts as for the thermal measurements (Fig. 2c) . The electrical
Hall conductivity σ xy is given by σ xy = ρ xy / (ρ xx 2 + ρ xy 2 ) .
FIELD DEPENDENCE OF THE THERMAL HALL CONDUCTIVITY
All of the data reported here were taken in a magnetic field (normal to the CuO 2 planes) large enough to fully suppress superconductivity, and thereby access the normal state of 
THERMAL HALL CONDUCTIVITY IN YBCO
In YBCO at p = 0.11, there is huge negative κ xy signal in the field-induced normal state 22 . In this excellent metal, whose Fermi surface is reconstructed by CDW order into a small electron pocket of high mobility 13 , the electrical Hall conductivity σ xy is equally huge. In fact, the WF law was found to hold, namely κ xy / T = L 0 σ xy as T → 0, within error bars of ± 15 % (ref. 22) . In other words, the negative κ xy signal in this case is due to the charge carriers (i.e. to electrons). However, because the ± 15 % uncertainty corresponds to ± 12 mW / K 2 m (in 27 T), it is impossible to know whether the κ xy signal in YBCO might also contain a contribution of -2 to -6 mW / K 2 m from neutral excitations (i.e. -1 to -3 mW / K 2 m in 15 T; Fig. 1b) .
THERMAL HALL SIGNAL FROM MAGNONS
In undoped La 2 CuO 4 , magnons have been well characterized by inelastic neutron scattering measurements 36 . There are two magnon branches, each with its own spin gap, of magnitude 26 K and 58 K, respectively. The thermal conductivity of magnons, κ mag , is therefore thermally activated at T < 26 K, so that κ mag decreases exponentially at low Moreover, when we move up in doping to p = 0.06, where AF order is gone and LSCO is in a very different magnetic state (Fig. 1a) , without well-defined magnons or a spin gap, κ xy (T) is essentially identical to that in La 2 CuO 4 (Fig. 1b) .
We conclude that magnons are not responsible for the large negative κ xy in cuprates.
THERMAL HALL SIGNAL FROM PHONONS
Phonons can produce a non-zero κ xy signal if they undergo skew scattering by spins 11, 24 .
Spin scattering of phonons can be detected through its impact on κ xx . First, it reduces the magnitude of κ xx relative to its value without spin scattering. A good example of this is provided by the insulators Y 2 Ti 2 O 7 and Tb 2 Ti 2 O 7 . In non-magnetic Y 2 Ti 2 O 7 , κ xx (T) is large and typical of phonons in non-magnetic insulators (Extended Data Fig. 2a ).
In isostructural Tb 2 Ti 2 O 7 , which has a large moment on the Tb ion, κ xx (T) is massively reduced (Extended Data Fig. 2a) , as phonons undergo strong spin scattering. Fig. 1f ).
We conclude that phonons are not responsible for the large negative κ xy in cuprates. 
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